Abstract. Establishment of appropriate vibration criteria is essential when designing vibration-sensitive metrology laboratories. Boundary values that are too severe may lead to unnecessarily high construction costs, whereas limits that are too broad may result in degradation of the performance of measurement equipment. The Norwegian Metrology and Accreditation Service (Justervesenet) inaugurated a new facility early in 1997. The facility will allow measurements of mass, density, dimensional, force, volume, optical, pressure, temperature and electrical quantities. Vibration control is of concern in most of the laboratories. Vibration criteria have been defined in terms of frequency-dependent peak values. In this paper, these criteria are described and the most conservative criterion is compared with other known vibration criteria for standard laboratories and high-technology facilities. The vibration criteria considered have different formulations and cannot be compared directly. They are therefore compared with regard to three different kinds of idealized vibration excitation, that is, transient, harmonic-motion and broad-band noise. The comparison shows that the most conservative Justervesenet vibration criterion is stricter with respect to high-frequency vibrations than are the others, but it is less strict for low-frequency vibrations.
Introduction

Background
The Norwegian Metrology and Accreditation Service (Justervesenet (JV)) operates the national measurement standards, performs high-precision calibration and is responsible for accreditation of regional metrology laboratories. For many years Justervesenet was housed in an old wooden building in the centre of Oslo with poor environmental control. Extension of measurement disciplines and requirements for higher precision made the facility inadequate for current and future needs.
Early in 1997 Justervesenet moved into a new facility on a rock site at Kjeller about 25 km north of Oslo. The new facility will cover measurements of mass, density, dimensional, force, volume, optical, pressure, temperature and electrical quantities. The facility consists of a number of laboratory units, each of which houses the measurements and standards of a particular discipline. A high degree of environmental control is required for these laboratories. The requirements are specified separately for each laboratory. Vibration control is of concern in most of the laboratories, so the establishment of appropriate vibration criteria was an essential task when designing the vibration-sensitive laboratories.
Objectives
The objectives of this paper are to describe the vibration criteria used in designing the new facility for Justervesenet at Kjeller, Norway and to compare the vibration criteria with other known criteria by studying them with regard to various kinds of idealized excitation.
The definition of vibration criteria
General remarks
The establishment of vibration criteria for a metrology laboratory is not an easy task. The equipment to be installed in the laboratory will not necessarily be known when the facility is being designed. Higher precision measurements may be needed in the future, which will require stricter vibration control than the present equipment. Furthermore, even though the equipment is known, it may be difficult to obtain vibration criteria from the manufacturers. It should also be pointed out that the aim with a vibration criterion is twofold. One wants firstly to prevent the sensitive equipment from suffering damage and secondly to obtain an environment that suits the measurements in question. Generally, high transients can damage the metrology equipment while a high vibration level may lead to unsatisfactory measurement results.
When defining vibration criterion there are several aspects that have to be considered. The most important factors are formulation of the criterion, specification of the boundary values, the frequency range of interest, the annual number of excess values accepted, and the reference point for the vibration criterion.
The formulation of the vibration criterion, in terms of acceleration, velocity or displacement, can be defined in several ways. It can be based on peak values, either a single peak value or a frequency-dependent peak value. It can be defined by an energy-based criterion, for instance a single root-mean-square (RMS) value, one-third-octave RMS spectrum, constant-bandwidth RMS spectrum or a power spectral density. An alternative formulation is to use a response spectrum. The formulation is sensitive to how various types of excitation are observed. For instance, an energy-based vibration criterion applied to a transient type of vibration will smear out the transient. The length of the vibration record used in the signal processing, sometimes called the integration time, becomes an essential factor. A long integration time will thus smear out peaks more than does signal processing based on short records. On the other hand, a vibration criterion based on peak values may be violated by just one peak, while the rest of the signal may be far below such a vibration criterion. When considering a stationary harmonic vibration, the peak values and RMS values are correlated in a unified way. This means that criteria formulated in terms of frequency-dependent peak values are equivalent to criteria based on, for instance, one-third-octave RMS spectra, provided that they are adjusted properly.
The specification of the boundary values is essential and probably the most difficult task when defining a vibration criterion. Boundary values that are too strict may lead to excessive construction costs, whereas limits that are too broad may result in unsatisfactory performance of the measurement equipment.
The frequency range of interest is another important factor when defining a vibration criterion. A typical range for high-technology facilities found in the literature is from 1-5 Hz to 80-100 Hz. These limits are used, for instance, in metrology laboratories, for microelectronics manufacturing equipment and for laser and optical research systems (Ungar et al 1990, Amick and Bui 1993) . Even higher frequency bounds are sometimes used, for instance, when protecting computer equipment an upper bound of 300 Hz may be necessary (Kristiansen et al 1995) .
The acceptable amount of monthly or annual excess should be defined when setting up a vibration criterion. This quantity should be based on analysis of the consequences of an excess.
A vibration criterion must be related to some reference point. From a practical point of view, the supporting floor for the critical equipment, or alternatively the supporting table, is to be preferred as a reference point for critical metrological laboratories. Generally the vibration criterion refers to absolute motion. It should, however, be mentioned that in special cases, it might be necessary to specify a criterion for relative motion within the laboratory floor in addition to absolute motion. This may, for instance, be required in a standard laboratory for lengths.
Vibration criteria for Justervesenet
Vibration control is of concern in most of Justervesenet's laboratories.
An extensive measurement and analysis programme was carried out in order to define vibration criteria and to evaluate the environmentally induced vibrations at the site (Bessason and Madshus 1994). The effect of vibrations is most noticeable in mass-balance and dimensional measuring equipment. The laboratories in Justervesenet have been classified into three main categories with respect to vibration control, i.e. A, B and C rooms with, respectively, A, B and C vibration criteria. The vibration criterion for each group is defined by a peak value that is frequency dependent and refers to absolute motion at floor level. The A, B and C criteria are shown as curves in figure 1. Table 1 shows how the laboratories are classified with respect to the vibration criteria. It is considered acceptable that the criteria are exceeded three or four times each year in each laboratory. In figure 2 the A vibration criterion for Justervesenet (JV) is compared with four other vibration criteria of different types. These are (ii) The PSL vibration criterion used for the new facility for the Primary Standard Laboratory at Sandia National Laboratories in Albuquerque, New Mexico (Braudaway 1992 ). (iii) The NIST vibration criterion used in the pre-design programme for the new facilities of the National Institute of Standards and Technology, Boulder, Colorado (Amick and Bui 1993) . (iv) The BBN vibration criterion commonly used for unisolated laser and optical research systems (Ungar et al 1990) .
For all of the cases, the strictest vibration criterion is shown. Table 2 gives a more detailed description of these criteria. These vibration criteria have different formulations and cannot therefore be compared directly for non-harmonic vibrations. In the following, three idealized excitation cases are compared with respect to these criteria. The excitation types are band-limited, stationary Gaussian vibration, a stationary harmonic vibration and a transient idealized by one full sine-wave cycle. The excitations are shown schematically in figure 3.
A comparison of the vibration criteria
Broad-band Gaussian noise vibration
First, a stationary, Gaussian, band-limited white-noise vibration with a constant power spectral density is compared with the various vibration criteria. The power spectral density, S v , where the index v stands for velocity, is given by
where f is the frequency in hertz and I is the intensity, which is constant in the frequency range 0-100 Hz. The intensity is scaled to fit the PSL criterion exactly and then extended.
The relation between a constant-bandwidth RMS spectrum, R(f ), and a power spectral density, S(f ), is given by
where f is the bandwidth in the RMS spectrum. On this basis, the intensity can be determined to be
where R P SL = 0.8 µm s −1 is the RMS limit value of the PSL vibration criterion and f = 0.125 Hz, is the bandwidth for the PSL vibration criterion (see table 2 or Braudaway (1992) ). The standard deviation for the process is given by
where the intensity, I , is determined from equation (3) and f low = 0 Hz and f upp = 100 Hz are the lower and upper bounds of the frequency range in question. Using the above parameters, this results in σ v = 22.6 µm s −1 . Testing the excitation against the JV and ISA vibration criteria is not straightforward.
By using the wellknown formulae based on extreme-value theory for random vibrations (see Cartwright and Longuet-Higgens (1956) , or, for instance, Clough and Penzien (1993) ), the expected peak value of a stationary, zero mean, random process can be estimated to be
(5) where E [ ] is the expected value operator, v max , is the peak value, σ v , is the standard deviation of the excitation given by equation (4), T is the duration of the excitation, γ = 0.5572 is Euler's constant and µ is the characteristic frequency determined by
where σv is the standard deviation of the derived process, i.e. the acceleration. The term inside the square brackets in equation (5), F C , is sometimes called the crest factor. By assuming that the duration of the excitation is in the range of 1 s to 1 h, the crest factor is found to be between 3.2 and 5.2. This means that the expected peak value is in the range 72.3-117.5 µm s −1 . These values are plotted in figure 4(a) with two constant-value curves in the frequency range 40-80 Hz. As can be seen, both these curves violate or exceed the JV and ISA vibration criteria.
The excitation can be directly transformed to the onethird-octave RMS formulation, that is
where R 1/3oct (f c ) is the one-third-octave band with the centre frequency f c . The result of this is shown in figure 4(b) , in which the vibration is compared with the NIST and BBN criteria, respectively. It can be seen that the excitation violates both these criteria. The NIST criterion is exceeded at all frequencies, whereas the BBN criterion is exceeded only above about 8 Hz. 
Stationary harmonic (tonal) vibration
Next, a stationary harmonic vibration is compared with the various vibration criteria. The vibration is given by
where v(t) is the velocity as a function of time, t, A is the amplitude of the harmonic sine wave and f is the frequency of the harmonic excitation in hertz. The comparison is done for all frequencies, f , in the range 1-100 Hz. The amplitude, A, is adjusted to fit the PSL criterion in the whole frequency range, that is
where R P SL = 0.8 µm s −1 , as before. The JV criterion is exceeded at frequencies above about 15 Hz, but the ISA criterion is never exceeded. This is shown in figure 5(a) . The excitation exceeds the NIST criterion at low frequencies, i.e. below 5 Hz, whereas the BBN criterion is never exceeded. This is shown in figure 5(b) . 
Transient vibration
In figure 6 , a transient vibration is compared with the four vibration criteria. The transient is idealized as one complete sine-wave cycle, as shown in figure 3(c) , i.e.
where T S = 1/f S is the period of the sine wave. As before, the transient is adjusted to fit the PSL criterion, which means that
(11) where R P SL = 0.8 µm s −1 , S v (f ) max is the maximum of the power spectral density function for the transient and f = 0.125 Hz is the bandwidth for the PSL vibration criterion. The single-sided power spectrum for the transient is given by
where T i is the integration time used and G(f ) is the Fourier transform of the transient:
where j is a complex number, i.e. j 2 = −1. The power spectral density is therefore given by
As can be seen from equation (14), the integration time, T i , used in data processing is essential for energy-based vibration criteria. For the PSL criterion, the integration time is T i = 8 s, the NIST criterion has T i = 1 s and, for the BBN vibration criterion, it is assumed in this analysis that the integration time is T i = 1 s. As before, the comparison is done for all frequencies, f S , in the range 1-100 Hz. For each frequency, f S = 1/T S , the amplitude, A, that exactly corresponds to the PSL criterion is found by using equations (14) and (11). This is done numerically. For instance, when f S = 10 Hz, the amplitude that corresponds to the PSL criterion is A = 86.9 µm s −1 , etc. The amplitude, A, as a function of f S found in this way can be compared directly with the JV and ICA vibration criteria. This is shown in figure 6(a) . It can be seen that, for all frequencies, f S , in the range 1-100 Hz, the transient exceeds both the JV and the ICA vibration criteria.
To compare the sine-wave transient with the NIST and BBN vibration criterion, a similar procedure is used. For each excitation frequency, f S , and corresponding amplitude, A(f S ), a power spectral density is evaluated. From this a one-third-octave RMS spectrum can be computed. This is done for a frequency step of 1 Hz for f s from 1 to 100 Hz. This results in a set of 100 one-third-octave spectra. The envelope of these spectra is compared with the NIST and BBN vibration criteria. The results are shown in figure 6(b) . Again, this results in a curve that is above the BBN and the NIST criteria.
Conclusions and final remarks
This study has shown that the characteristic of an excitation and the formulation of vibration criteria interact. If transients are critical for sensitive equipment, vibration criteria based on peak values should be used. Data processing aiming to compare such a signal with energy-based (RMS) vibration criteria has a tendency to smear out peak values. The integration time used in data processing is crucial here. With respect to stationary harmonic motion, boundary values for energy-based and peak-value-based vibration criteria can be adjusted to make them equivalent. For a stationary broadband excitation, things become more complicated. It is common practice to use energy-based vibration criteria, which are based either on a constant-bandwidth RMS spectrum or on a one-third-octave RMS spectrum. An excitation having a constant intensity within some given frequency range will also appear with a constant amplitude when it is plotted on a constant-bandwidth RMS spectrum. On the other hand, when this excitation is plotted on a one-third-octave RMS spectrum, the amplitude will increase with the square root of the frequency. By comparing such idealized excitations with vibration criteria based on peak values, it is possible to use an extreme theory with some assumptions about the duration of the 'stationary' process.
Comparison of some known vibration criteria with the vibration criterion used for the most sensitive laboratories of Justervesenet (JV) shows that the boundary values for JV are stricter with respect to excitation with high frequencies (above 15 Hz) than the others. This is valid for transient, harmonic and broad-band noise excitation. At low frequencies (below 5 Hz), a vibration criterion used in the pre-design programme for the new facility of the National Institute of Standards and Technology (NIST), Boulder, Colorado, is stricter than the others. This is valid for transient, harmonic and broad-band noise excitation.
In order to see how effective and realistic the defined vibration criteria for JV are, will be necessary in the near future to map the vibration levels at the laboratories and, at the same time, report whether the desired precision in the metrology measurements and calibration in the laboratories is obtained. Finally, for really sensitive measurements it is prudent to actually monitor the base vibration level during the measurement operation and see whether any readings can be identified as suspect, if the vibration level is significant. Data from such studies would be quite helpful when establishing vibration criteria
